ABSTRACT
INTRODUCTION
Geologic investigations of western Idaho and eastern Oregon and Washington have disclosed the presence of several tectonostratigraphic terranes, referred to here collectively as the Wallowa-Seven Devils (WSD) terranes, representing Late Paleozoic-Mesozoic island-arc complexes accreted to North America in Cretaceous time (Hamilton, 1976; Jones and others, 1977; Vallier, 1977; Fleck and Criss, 1985; Lund and Snee, 1988; Snee and others, 1995) . The classic Sr-isotope and geochronologic study by Armstrong et al. (1977) demonstrated that plutons intruding these arc terranes are distinct from those intruding the Precambrian crust of North America. Subsequent studies by Fleck and Criss (1985) , Criss and Fleck (1987) , Fleck (1990) , and others (1992, 1993) generally confirm these relationships and provide abundant data on the isotope geochemistry and age of plutonic rocks of the region, as well as on the character of their sources and the terranes through which they were emplaced.
This study focuses on the location, age, and character of the tectonic boundary between the North American craton and the WSD terranes. Although inferred to extend from southeastern Washington to the Snake River Plain, exposures of this boundary are recognized in western Idaho from near Ahsahka in the north to near Gross, ID in the south. Because the suture boundary is confined to western Idaho over its recognized length, but is not well located by any other geographic feature, the structure is referred to here as the western Idaho suture zone or WISZ (Strayer and Hyndman, D.W., 1987; Strayer and others, 1988; Fleck and Criss, 1988; Strayer and others, 1989; Fleck, 1990) . The name "Salmon River suture" has also been used for the zone (Lund and Snee, 1988) in west-central Idaho, but because the Salmon River is one of several geographic features that cross the suture at almost 90°, we do not consider the name adequately representative. McCelland and others (2000) have used "western Idaho shear zone" for the "late-stage", mylonitic part of the terrane boundary, essentially consistent with the use of WISZ here, but use "Salmon River suture zone" to incorporate the belt of Cretaceous(?) thrust faults within the WSD terranes into their definition of the suture. We confine our usage of Western Idaho suture zone to the highly strained and metamorphosed rocks of the terrane boundary zone, recognized by their degree of deformation and an abrupt transition of geochemical and isotopic characteristics from intraoceanic island-arc to North American craton. We accept that many of the plutons now representing the zone were emplaced subsequent to the initial suturing events, which may not have been synchronous along the >280 km length of the suture.
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REGIONAL RELATIONSHIPS GEOLOGIC SETTING
The western limit of Precambrian rocks of North American cratonal terranes in Idaho south of the Clearwater River occurs at about 116°W long, but bends abruptly westward north of the river, cropping out discontinuously from beneath Columbia River basalt flows into eastern Washington (Fig. 1 ). West and south of this limit, the oldest rocks are Devonian to Permian suites of sedimentary shelf deposits, dismembered oceanic crust, and volcanic/plutonic arc rocks Beaulieu, 1974; Walker, 1977; Mullen, 1985) , representing an intraoceanic assemblage of depositionally and tectonically juxtaposed igneous and sedimentary units. The boundary between these distinct crustal types is a highly deformed, often mylonitic zone with anastomosing fractures, cataclasis, and recrystallization (Myers, 1982; Strayer and others, 1989) , representing the "suture" between North American cratonal terranes and the WSD terranes (Fleck and Criss, 1985; Criss and Fleck, 1987; Fleck, 1990, Manduca and others (1992; , McCelland and others, 2000) . The character of rocks proximal to the suture zone is key to understanding the WISZ. Rocks of both terrane groups were variably metamorphosed, reaching upper amphibolite grade with P-T conditions up to 600°C and 8 to 9 kbar near the suture (Myers, 1982; Lund and Snee, 1988; Selverstone and others, 1992; Getty and others, 1993) . WDS terranes only reached these highest grades in proximity to the suture, whereas contact metamorphic effects of plutons of the Idaho batholith extend high-temperature isograds well into the Precambrian terrane (e.g., Hietanen (1962 Hietanen ( , 1963a Hietanen ( , 1963b Myers, 1982) . Studies of the Idaho batholith and cratonal terrane in the region of the WISZ include Hietanen (1962 Hietanen ( , 1963a Hietanen ( , 1963b Hietanen ( , 1967 , Myers (1982) , Wiswall and Hyndman (1987) , Lund and Snee (1988) , Manduca and others (1992; , and Lund (1995) . The WSD terranes are discussed by Hamilton (1963a,b) , Taubeneck (1971) , Beaulieu (1974) , Vallier and others (1977) , Brooks and Vallier (1978) , Ave others (1980, 1985) , Mullen (1985) , Onasch (1987) , Manduca and others (1992; , and Lund (1995) . Volumes edited by Vallier and Brooks (1987; 1995) include important studies of both the WSD and cratonal terranes, as well as specific studies of the suture zone (WISZ). In the first of these volumes Criss and Fleck provide K-Ar and 40 Ar/ 39 Ar results for rocks of north-central Idaho, including samples from the suture zone. These ages constrain the age of suturing to the period between 135 Ma and 75 Ma, suggesting a most probable range of 95 Ma to 80 Ma. Lund and Snee (1988) concluded that suturing occurred between 118 Ma and 93 Ma, based on 40 Ar/ 39 Ar ages of metamorphic rocks of the WSD terranes and undeformed plutons in and adjacent to the WISZ. Getty and others (1993) report Sm-Nd ages from 144 Ma to 128 Ma for garnet amphibolites formed during metamorphism of the accreted terranes. They interpret the 128 ± 3 Ma age to represent the time of peak metamorphism, with the 40 Ar/ 39 Ar age of 118 Ma for coexisting hornblende representing cooling subsequent to suturing. Manduca and others (1993) report the presence of supracrustal units from both the WSD and cratonal terranes in 110 ± 5 Ma orthogneiss, supporting an earlier joining of these terranes. They also support a timing of arc-continent collision prior to 125 Ma. Snee and others (1995) report 40 Ar/ 39 Ar results for a suite of samples along the suture zone from south of its intersection with the Salmon River to where it crosses the South Fork of the Clearwater River. They argue that suturing was complete by 93 Ma, followed by rapid uplift of cratonal terranes. Contrary to results reported by Criss and Fleck (1987) farther north, they conclude that no plutonism occurred in the area between 88 Ma and 78 Ma during the major period of uplift. The results from all of these studies suggest that suturing of the WSD terranes to the North American craton was a prolonged event, with continuation of contractional deformation long after peak metamorphism. Late Cretaceous plutons with isotopic signatures of continental crust reflect tectonic emplacement and uplift of 10-20 km, indicating that major crustal movements occurred within the suture zone until at least 85 Ma (Myers, 1982; Criss and Fleck, 1987; Lund and Snee, 1988; Selverstone and others, 1992; others, 1992, 1993) . Snee and others (1995) (Armstrong and others, 1977; Brooks and Vallier, 1978; Ave Lallemant and others, 1980; Criss and Fleck, 1987; Walker, 1995; Snee and others, 1995) . Although most plutons reveal some evidence of subsequent deformation, mylonitization is only common in major shear zones such as the Oxbow shear zone (Vallier, 1974; Ave Lallemant and others, 1985) , the Rapid River thrust (Hamilton, 1963a,b) , and the WISZ. Only the latter involves rocks of the cratonal terrane, however. Although deformation and metamorphism of the rocks involved may have begun earlier, significant movement along these shear zones clearly postdated emplacement of the mylonitized plutons and peak metamorphism of the host terranes. Hamilton (1963a,b) and Ave others (1980, 1985) present strong evidence for at least two periods of metamorphism and mylonitization within the WSD terranes. A Late Triassic-Early Jurassic age is favored for the older of these events (Brooks and Vallier, 1978; Ave Lallemant and others, 1985) . Deformation along the WISZ is not confined to the accreted terranes and represents an even younger period, continuing until at least 78 Ma (Fleck and Criss, 1987; Lund and Snee, 1988) .
THE WESTERN IDAHO SUTURE ZONE
The western Idaho suture zone (WISZ) is a highly deformed zone of near-vertical foliation, anastomosing fractures, cataclasis or mylonitization, recrystallization, and interleaved tectonic slivers (Myers, 1982; Hoover, 1986; Strayer and others, 1989; Manduca and others, 1992; Lund, 1995) . Within this zone of extreme deformation Late Paleozoic and Mesozoic volcanic and sedimentary rocks are complexly sheared and tectonically juxtaposed with Proterozoic gneisses and schists and Cretaceous granitoids emplaced during or prior to deformation (Myers, 1982) . The WISZ is recognizable not only by its juxtaposition of distinct rock types and its degree of deformation, but also by geochemical and isotopic variations in plutons emplaced within and through the two different crustal types. Armstrong and others (1977) Fleck and Criss (1985) revealed that, although abrupt, the west to east increase in initial ratios was not discontinuous, but that the low (<0.704) ratios characteristic of plutons intruding the WSD terranes give way almost continuously to the high (>0.708) values characteristic of magmas emplaced through Precambrian sialic crust. Fleck (1990) demonstrated that Ε Nd decreases across this narrow zone, almost antithetic to the Sr i increase, from values of about +6 to below -8. This change in Sr and Nd initial-ratios occurs across a 5-to 15-km-wide zone that coincides with the WISZ. Plutons intruding this narrow transition zone have inherited their geochemical characteristics from both of the crustal types (Fleck and Criss, 1985; Fleck, 1990) .
Data presented by Fleck and Criss (1985) , Criss and Fleck (1987) , Fleck (1990) , and others (1992, 1993) demonstrate both chemical and isotopic variations across the WISZ. In addition to the variations in Sr i and Ε Nd , whole-rock δ
18 O values of plutons increase systematically from +5.5 to +8.0 in the WSD terranes to +9.0 to +12.5 in the Precambrian-hosted Idaho batholith, changing continuously across the WISZ. Systematic west to east changes also occur in δD values, Rb/Sr ratios, and in SiO 2 , Al 2 O 3 , and K 2 O contents of plutons within the WISZ (Criss and Fleck, 1987) . Fleck (1990) demonstrated west to east increases in Nd, Sm, Y, and Nb, and concomitant decreases in Ε Nd and Sr/Sm.
ISOTOPIC RESULTS
Sr and Nd isotopic results obtained in this study for plutonic rocks of western Idaho are compatible with our earlier results (Fleck and Criss, 1985; Criss and Fleck, 1987; Fleck, 1990) , demonstrating the similarity of the crustal signatures of the cratonal and accreted terranes along the length of the suture zone. The similarities must also extend in at least a general way to the sources of the magmas from which the plutons of each terrane were derived and to the processes of crystallization and assimilation affecting the final products. The broad similarity over the nearly 300 km length of the suture zone reinforces the usefulness of isotopic tracers as a means of locating and identifying the suture zone throughout western Idaho. Isotopic data from previous studies have been incorporated in this study, but are not tabulated here. Discussions of the chemical and isotopic variations and their significance to magma sources are covered in greater detail in Fleck (1990) for rocks of the South Fork of the Clearwater River (SFCR).
Analytical techniques used in this study were essentially the same as reported by Fleck and Criss (1985) and Fleck (1990 Wasserburg, 1976, 1979) . E Nd (t) designates Ε Nd at the age of the rock, analogous to an initial ratio. Sr isotopic results and location information are shown in Table 1 and Nd results appear in Table 2 . New K-Ar and 40 Ar/ 39 Ar age determinations are reported in Tables 3 and 4 , respectively.
CHEMICAL AND ISOTOPIC CHARACTERISTICS
Studies of both plutonic rocks and their wall rock hosts exposed along the South Fork of the Clearwater River (SFCR) by Myers (1982) , Fleck and Criss (1985) , Hoover (1986) , Criss and Fleck (1987) , and Fleck (1990) have provided a detailed characterization of chemical and isotopic variations across the terrane boundary between Precambrian crust and Late PaleozoicMesozoic island arc rocks. Similar studies by Lund and Snee (1988) and others (1992, 1993) characterize this suture zone farther south in the area of McCall, ID. This boundary, the western Idaho suture zone or WISZ, was formed when arc-derived terranes were accreted to the North American craton in Cretaceous time. Combined with the earlier studies, the isotopic results permit identification of the WISZ throughout western Idaho even where the boundary zone itself is completely obscured by younger plutons, young basalt flows, or alluviated valleys. Clearly, these studies cannot replace careful geologic mapping of the suture, but provide both a guide and confirmation for those studies. Fleck and Criss (1985) and Fleck (1990) have presented evidence of multiple components in plutons of the SFCR, whose proportions vary geographically across the WISZ. Hart (1985) reported similar results for basaltic rocks that cross the presumed southwestward projection of the Mesozoic suture zone into southern Idaho and Oregon. Interpretation of chemical and isotopic variations to be genetically related to tectonically juxtaposed lithospheric types depends critically on documenting a systematic geographic control of these variations. Examples of unsystematic, source-related variations with no interpretable geographic control have been reported by Carlson and others (1981) and Carlson (1984) , where variable proportions of multiple components in Columbia River basalt magmas cannot be related to any current model of terrane boundaries.
UNIQUE CHARACTER OF SUTURE ZONE MAGMAS
Nd and Sr isotopic variations across the WISZ were reported for Mesozoic plutons in a study along the South Fork of the Clearwater River by Fleck (1990) . Additional analyses (Table  3 ) and the SFCR data are plotted in Figure 2 against their distance from the WISZ. As expected from increased contributions from cratonal crust, Sr initial 87 Sr/ 86 Sr ratios (Sr i ) become strikingly more radiogenic from west to east and Ε Nd (t) decreases abruptly. Isotopic results for plutons within 5 km of the suture exhibit the effects of components characteristic not only of the WSD terranes, but also of older, sub-continental source terranes (Fig. 2) . Although the variations are clearly centered on the WISZ, isotopic ratios begin to show respective increases or decreases on either side of the zone well before the zone is reached. This influence on magmas by both terranes suggests that at least some of the plutons post-date actual accretion and that magmatism and tectonism continued after initial suturing. Samples most distant from the WISZ in either of the terranes have Ε Nd (t) and initial 87 Sr/ 86 Sr ratios, also calculated as Ε Sr (t) , that are representative of the extremes of the two terranes. The covariation of the two radiogenic Plutons west of the WISZ intrude the accreted terranes; to the east wall rocks are referred to "cratonal" or Precambrian Belt/Yellowjacket terranes and may range in age from 1900 to 1300 Ma. Distances from the WISZ are shown as negative for WSD terranes to the west (or south) and positive for cratonal to the east (or north).
isotopes across the suture zone defines the inverse relation expected of a mixing process of oceanic-crustal or arc sources with Proterozoic lithospheric sources (Fig. 3) . As discussed by Fleck (1990) , multiple end-members are required to provide the observed chemical and isotopic variations, but the primary components represent the two crustal types sutured at the WISZ. Low E Nd (t) samples indicate Proterozoic crustal sources with both upper-and lower-crustal affinities. Volcanic arc magma also represents a substantial component in suture-zone plutons of Cretaceous age (Fleck, 1990 Figure 3 . Variation of E Nd (t) with E Sr (t) in SFCR plutons (circles), WSD plutons (triangles), and samples of Precambrian orthogneisses (squares) and metasedimentary rocks (hexagons) at 80 Ma. A simple mixing model shown for mixtures of an arc magma (E Nd = 5.5, E Sr = -11) and a cratonal component (E Nd = -12, E Sr = 675) fits suture zone magmas with E Nd > -10 very well, but is not necessarily representative of available cratonal lithosphere. (From Fleck, 1990) Trace-element variations in plutons across the WISZ reveal patterns consistent with mixing within suture zone magmas of components from substantially different sources. In addition to data reported here, results of Fleck (1990) and Manduca and others (1993) are used to illustrate the differences in magma chemistry of plutons emplaced within the different terranes and within the suture zone itself. Grouping data based on Sm/Nd and Ε Nd (t), Fleck (1990) noted that plutons within 1 km west of the suture and 4 km to the east (Group 1) were isotopically and chemically distinct from those more distant from the zone. For this study samples of Manduca and others (1992; were grouped based on their map units. Their Little Goose Creek complex includes the most highly deformed rocks of the WISZ, with Sr i > 0.704. Most were included in Group 1, but their samples of Eastern porphyritic orthogneiss, with Rb contents greater than most Group 1 values, were located between 3.9 and 6 km east of the WISZ and were included with Group 2 rocks here. Rocks mapped as Hazard Creek complex (Manduca and others, 1992; have Sr i less than about 0.7045, but many of the samples occur less than 3 km west of the suture and were included with Group 1. Nb versus Rb variations along the South Fork of the Clearwater River clearly distinguish suture-zone magmas from magmas of either the WSD and cratonal terranes (Fleck, 1990) . Rb/Nb values west and east of the immediate area of the WISZ are characteristic of granites of volcanic arc and continental-collision origin (Pearce and others, 1984; Leeman and Hawksworth, 1986) , respectively. Those east of the zone are more elevated as expected from emplacement through Proterozoic crust. Plutons within the WISZ, however, have Nb contents 3 to 8 times those of plutons within the accreted terranes (Fig.  4) . Fleck (1990) ; solid triangles, plutons east of the suture zone within cratonal or Precambrian terranes and corresponding to Groups 2 and 3 of Fleck (1990) ; open circles: Precambrian orthogneisses and schist.
Results reported by Manduca and others (1993) show a similar pattern, with rocks of both the Hazard Creek and Little Goose Creek complexes north of McCall ( Fig.1 ) being significantly higher in Nb than WSD plutons. Rb concentrations in plutonic rocks increase from west to east across western Idaho, but make an abrupt increase within 5 km east and west of the terrane boundary (Fig. 5) . Like Nb concentrations, however, Sr values peak in plutons emplaced within the suture zone and decrease in both directions away from the boundary (Fig. 5) . Interestingly, some of the lowest Sr values also occur in this area, near the eastern edge of WSD terranes. The low values appear to relate to high-silica, trondhjemitic plutons in the western margin of the WISZ, however. Sr concentrations also peak in plutons of the Hazard Creek and Little Goose Creek complexes (Manduca and others, 1993) . High contents of sphene, epidote, and plagioclase in suture-zone plutons are consistent with elevated levels of these trace elements, but the distinctive enrichment of Nb and Sr in suture-zone magmas makes them unique. Uniqueness of suture-zone magmas is defined further by variations in Y, Nd, and Sm when compared to each other and to elements discussed above. Normalized to Y concentrations, Nb concentrations define a clear maximum in Group 1 (suture-zone) plutons (Fig. 6 ). An Nd peak is observed, but is only defined by a few samples. These and other distance versus isotopic or trace-element variations such as Sm/Y, Sr/Sm, and Sr/Nd not only aid in locating the true crustal boundary between the WSD and cratonal terranes, but also constrain the nature of source materials and petrogenetic processes in plutons emplaced within the WISZ (Fleck, 1990 Armstrong et al. (1977) , Fleck and Criss (1985) , Criss and Fleck (1987) , Manduca and others (1992) , and the present study define this boundary ( Fig. 1 ) in a way that is consistent with geologic mapping of segments of the zone (Myers, 1982; Hoover, 1986; Onash, 1987; Bonnichsen, 1987; Lund and Snee, 1988; Manduca and others, 1992; Lund, 1995) . Much additional mapping is needed to establish the boundary between supracrustal rocks from the different terranes. As available mapping reveals, however, much of the suture has been replaced by post-collisional plutonic rocks and the isotopic variation may well represent the best approximation of its original position. In all figures and discussions distances to or from the WISZ are measured to the best estimate line shown in figures 1 and 8, which is based on available topographic, structural, petrologic, isotopic, and chemical data. We accept that the location can only be approximate, partially because the suture is a zone of substantial width rather than a line, but also because our hundreds of isotopic results pale in the face of a 300 km structure.
Location of the WISZ at its north-westernmost extent is controlled by samples in eastern Washington at Granite Point, 20 miles NW of Clarkston and along Cummings Creek, some 27 miles WSW of Clarkston (Fig. 8) . Eastward in Idaho, the suture must pass north of Lewiston, Spaulding, and Peck, and south of Genesee, Juliaetta, and Teakean, trending approximately E-W. Exposures of the highly sheared zone several hundred meters north of Dworshak Dam and fault slivers of high Sr i (>0.706) granitic gneiss pinpoint the suture along Merrys Bay and crossing Orofino Creek near its confluence with Cedar Creek. In the area of Weippe, Idaho, the WISZ makes a clockwise bend of about 110° probably passing 2 to 3 miles northeast of that town, but is concealed by flows of Columbia River basalt. The suture trends slightly west of south, crossing the main Clearwater River near the confluence with Suttler Creek, but appears to be complicated in this area by tectonic slivers or a thrust duplex of WSD rocks east of Suttler Creek. Continuing southward, the WISZ passes about 2 miles east of Harpster. Data along the South Fork of the Clearwater River (SFCR) were discussed above, placing the axis of the zone along Browns Creek and Mill Creek and trending south-southwest along Little Slate Creek. The WISZ crosses the Salmon River at Partridge Creek and trends almost due south from there along the east flanks of Patrick Butte and Granite Mountain. As shown in Figure 8 , the zone continues south along the east flank of No Business Mountain, where it follows the plagioclase-quartzbiotite gneiss unit of Bonnichsen (1987) , and south along the west side of West Mountain. In this area the suture zone apparently was reactivated by post-Columbia River basalt normal faults, which mimic its trend southward along the east side of Indian Mountain. South of Indian Mountain rocks of the WSD terranes are not well exposed and the WISZ is at least partially covered by flows of Columbia River basalt. Long, linear, north-trending valleys, such as Squaw Creek, follow the well-developed foliation in medium-to high-grade schist that parallels the WISZ, but these topographic features may also be due to reactivation during Tertiary normal faulting. The WISZ is located west of the alignment of Squaw Creek in the area of Ola, Idaho, where it is hidden beneath Tertiary and Quaternary cover after being traceable for over 300 km. Table 1 . The heavy line shows the approximate location of the western Idaho suture zone (WISZ) that forms the boundary between the oceanic Wallowa-Seven Devils (WSD) terranes and Precambrian cratonal terranes of North America. The zone of strongly deformed metamorphic and igneous rocks commonly occurs between the 0.704 and 0.708 Sr isopleths. The limited area represented by samples between these isopleths documents the steep isotopic gradient across this crustal boundary. Ar techniques. The current study is no exception, adding to the already large data set produced by McDowell and Kulp (1969) , Armstrong (1974 Armstrong ( , 1975 Armstrong ( , 1976 , Armstrong and others (1977) , Criss and others (1982) , Fleck and Criss (1985) , Criss and Fleck (1987) , Lewis and others (1987) ; Lund and Snee (1988) , and Snee and others (1995) . Previously, we suggested limiting ages for terrane juxtaposition and consolidation of 130 to 75 Ma, with a preferred period between 95 and 80 Ma (Fleck and Criss, 1985; Criss and Fleck, 1987) . Lund and Snee (1988) suggested late Early Cretaceous and early Late Cretaceous accretion confined to a 25 Ma period between 118 and 93 Ma, but suggest that movement took place along other parts of the WISZ until 79 Ma. Results of zircon U-Pb and garnet Sm-Nd geochronology (Manduca and others, 1993; Getty and others, 1993) are consistent with our broader range, but show that initial suturing occurred at about 130 Ma. Evidence that movements took place along the WISZ until at least 80 Ma, however, remains unaffected by these results.
AGE PATTERNS AND CHRONOLOGY OF THE WISZ
U-Pb zircon, Rb-Sr, K-Ar, and 40 Ar/ 39 Ar ages of intrusive rocks of the WSD terranes document a history of Permian to Early Cretaceous plutonism (Armstrong, 1975 (Armstrong, , 1976 Armstrong and others, 1977; Ave Lallemant and others, 1980; Criss and Fleck, 1987; Walker, 1995) . Although some were reduced somewhat by regional metamorphic events, near the WISZ K-Ar, and 40 Ar/
39
Ar ages decrease abruptly to Late Cretaceous ages over a distance of 10 km or less near and within the WISZ ( Fig. 9 ; Tables 3 and 4). North and east of the WISZ apparent ages continue to decrease slowly in the cratonal or Precambrian terrane toward the central parts of the Idaho batholith (Armstrong, 1974 (Armstrong, , 1975 (Armstrong, , 1976 Criss and others, 1982; Fleck and Criss, 1985; Criss and Fleck, 1987; Lund and Snee, 1988; Snee and others, 1995) . Ages for hornblende range from about 82 to 74 Ma in plutons within 25 to 30 km east of the WISZ in the Atlanta lobe of the Idaho batholith (Criss and Fleck, 1987) . Similar plutons within the western part of the Bitterroot lobe are farther east and ages are lower, ranging from 65 to 55 Ma (Criss and Fleck, 1987) . Despite this apparent eastward migration of magmatism, Ar age patterns in western Idaho are characterized by a "step function", nearly coincident with the WISZ (Fig. 9) .
To evaluate the relationship between the WISZ and the general age pattern documented in figure 9, a series of age-versus-distance plots were constructed approximately normal to the trend of the suture, using sufficient length along strike to obtain sufficient age data. Eight age profiles across the WISZ from west of Orofino, Idaho on the north to the area of Cascade, Idaho near the southern extent of exposures are shown in Figs. 10 through 18. Profiles were constructed by measuring the perpendicular distance of each sample from the WISZ and grouping them by location along the suture. This procedure is equivalent to projecting the data to the centerline of each group. Centerlines of the profiles are shown on Figure 1 . Where data are available, profile lengths are from 20 km west to 30 km east of the suture and incorporate data over a width of 25 to 38 km along the suture. Profiles are named for a major location within the area represented. Ar ages from the E-W-trending portion of the WISZ center about the area of Orofino, Idaho. An age versus distance profile (Fig. 10 ) reveals a steep decrease in both biotite and hornblende ages between 1 and 5 km west of the suture. The profile defines an age minimum coinciding with the strongly foliated zone of the WISZ. Ages within the WSD terranes (negative distances) are variable and probably reflect real age differences in the plutons, as discussed by Criss and Fleck (1987) . Ages of 75 to 70 Ma for hornblende in the WSD terrane and within the suture zone east of Orofino are consistent with emplacement of Late Ar ages on hornblende (solid circles), biotite (open squares) and muscovite (open triangles) from plutonic rocks in western Idaho. Negative distances are west (or south) of the WISZ. Note that biotite ages decrease abruptly between 6 and 10 km west (south) of the WISZ, whereas hornblende ages generally exhibit this decrease much closer to the zone. We suggest that this effect is related to greater thermally induced Ar loss from biotite in WSD plutons caused by the precipitous rise of cratonal terranes and along the WISZ and syntectonic emplacement of suture-zone plutons. We interpret the presence of biotite and muscovite ages less than about 65 Ma on both sides of the suture zone as indicating young, probably post-deformational, plutonism, especially in the Kamiah-Weippe-Pierce area. Hornblende ages appear to be less affected by these younger events.
Cretaceous or Early Tertiary intrusions across the suture zone and into WSD terranes. Isotopic data demonstrate, however, that these plutons, such as along the main canyon of the Clearwater southeast of Orofino, are derived primarily from sources within the accreted lithosphere. Early Tertiary plutons are documented near Elk River to the north and to the east of Lowell along the Lochsa River (Criss and Fleck, 1987) . The latest Jurassic to Early Cretaceous pluton at Peck, Idaho with a Sr i of 0.7034 yields biotite and hornblende ages of 129 and 135 Ma (Fig. 10) , respectively, indicating only minimal discordance at a distance of 6 km south of the WISZ. North of the suture, Armstrong and others (1977) report K-Ar ages of 83 and 73 Ma from hornblende and biotite, respectively, in a quartz diorite, whereas ages within the zone are as low as 74 and 71 Ma, respectively. Both age and age discordance of hornblende and biotite decrease toward the suture zone, suggesting that either the youngest intrusive rocks were emplaced along it or that recrystallization or shear heating due to deformation and uplift produced argon loss in the affected rocks. Defined on the basis of the ages observed, thermal and tectonic events within the WISZ in the Orofino area ceased in the 75 to 70 Ma period. Fig 1) . The profile trends north-south across the WISZ from the accreted terranes on the south to the Precambrian terranes on the north. Distance is given in kilometers with negative distances shown to the south of the WISZ.
WEIPPE
The axis of an approximately 110° bend in the WISZ is located inexactly in the area northeast of Weippe, Idaho (Fig. 8) , where the zone is concealed by flows of Columbia River basalt. As at Orofino, ages near the WISZ show the effects of Late Cretaceous and Early Tertiary plutons characterized by muscovite ages as young as 63 Ma for sample 837-25C. Minimum ages of biotite in both terranes near the WISZ, however, are less than 60 Ma, whereas hornblende ages decrease abruptly from over 140 Ma to 65 to 62 Ma about 12 km west of the projected location of the zone (Fig. 11) . Ar ages of plutonic rocks trending southwest to northeast approximately through Weippe, Idaho (Fig 1) . Distance is given in kilometers with negative distances shown to the southwest of the WISZ. Symbols are as in Fig. 10 .
Because the WISZ is only approximately located in this area, an interpretation placing its position 5 to 10 km farther southwest would be consistent with the age pattern, but isotopic constraints indicate that plutons in that area represent WSD-type magmas. In either case, however, the decrease in age across the zone follows the general pattern discussed by Criss and Fleck (1987) , with Early Cretaceous and older rocks becoming highly discordant adjacent to the WISZ and reflecting thermal disturbance. Plutons intruding the Precambrian terrane north and east of Weippe reflect the age pattern of the western part of the Bitterroot lobe of the Idaho batholith with hornblende ages of 66 to 62 Ma. These values were considered representative of one of the early Tertiary plutonic episodes in the Bitterroot lobe of the Idaho batholith by Criss and Fleck (1987) . They reported 40 Ar/
39
Ar age plateaus and abrupt steps in the hornblende age/distance profiles that also occur in that region. Age data in the Weippe area indicate thermal and/or tectonic disturbance of argon systems in WSD rocks between 80 and 62 Ma, with plutons of the 66 to 62 Ma episode emplaced near or across the zone subsequent to the major deformation within the WISZ.
KOOSKIA
The geographic distribution of argon ages across the WISZ where it crosses the Clearwater River just east of Kooskia, Idaho (Fig. 12 ) reveals a classic pattern of thermal-loss, such as that described by Hart (1964) (Fig. 13) . The greatest age discordance occurs 2 to 3 km west of the suture, where biotite ages are over 50 Ma younger than coexisting hornblende, but slightly older than ages on hornblende 7 km east of the zone. The steep decrease in biotite ages occurs about 12 km west of the suture, but some hornblende analyses still yield Early Cretaceous ages only 2 km from the suture. Farther west in the WSD terrane the two minerals are nearly concordant at about 140 Ma, reflecting rapid cooling and minimal thermal disturbance. Ages more than 8 km west of the suture zone in this profile are the same as shown in the Weippe profile because of the abrupt bend in the WISZ near Weippe, ID. This overlap of the Kooskia profile with the northeast-trending Weippe profile in the area west of the suture (Fig. 1) exaggerates the width of suture-zone effects and complicates the pattern of hornblende ages. East of the WISZ, younger plutonism of the Bitterroot lobe of the Idaho batholith (Criss and Fleck, 1987 ) strongly affects biotite ages, but coexisting hornblende yields ages up to 74 Ma, similar to ages for highly deformed rocks within the suture zone near Orofino. Ar ages of plutonic rocks centered approximately on Kooskia, Idaho (Fig 1) , where the WISZ crosses the Clearwater River at a high angle. Distance is given in kilometers with negative distances shown to the west of the WISZ. Ages enclosed in an ellipse near 10 km west of the WISZ reflect effects of younger, Bitterroot-lobe plutonism and are not considered related to timing of WISZ deformation. Symbols are as in Fig. 10 .
These results suggest that plutons immediately east of the suture, many of which are also highly deformed, were emplaced during and cooled shortly after the last major tectonism in the zone. Suture zone deformation may be as young as 78 to 74 Ma in the Kooskia area. Hart, 1964 . Distance scale is reversed for comparison to western Idaho). Note that the greatest age discordance occurs at distances where hornblende ages (short dashes) begin to decrease sharply, whereas biotite ages (long dashes) are already near the age of the disturbing event (between 250 feet and 50 feet from the contact in this example). As shown in Fig. 9 , this point would be between about 2 and 8 kilometers west (or south) of the WISZ in western Idaho, where hornblende ages approach the true age of the 170-to 140-Ma WSD plutons, but biotite ages reflect the Late Cretaceous thermal and tectonic events associated with the WISZ.
SOUTH FORK CLEARWATER RIVER (SFCR)
As noted above, studies along the South Fork of the Clearwater River have been the basis for characterizing geochemical trends across the WISZ (Fleck and Criss, 1985; Fleck, 1990) . Age patterns are also well documented along the SFCR, but the age/distance trends of the WSD terranes are less well defined due to cover of the Jurassic and Early Cretaceous plutons by flows of Columbia River basalt west of the suture. Late Cretaceous plutons dominate both terranes and concordant or nearly concordant ages on biotite and muscovite decrease smoothly from about 87 Ma west of the WISZ to about 70 Ma 22 km east of it (Fig. 14) . Highly deformed granodiorite (807-28H) in the suture zone at Mill Creek yields a Rb-Sr muscovite and whole-rock age of 85.7 Ma, indicating cooling below about 500°±50°C (Jäger and others, 1967; Hunziker and others, 1992) . This muscovite yields a K-Ar age of 76.7 Ma, however, concordant with coexisting biotite, indicating 9 m.y. for this cooling. Hornblende, with a closure temperature of about 530°±40°C (Harrison, 1981) , from a tonalite 700 m away yields a 40 Ar/ 39 Ar incremental-heating plateau age of 80.8±0.4 Ma (Criss and Fleck, 1987) , whereas coexisting biotite is 75.8 Ma, indicating 5 m.y. for this cooling. The indicated difference in cooling rates for adjacent plutons and the concordance of the micas suggests that the mica ages are the result of deformation, completed at about 76-77 Ma. Biotite-muscovite age differences increase with distance to the east of these suture zone rocks, indicating slower uplift rates away from the WISZ, similar to those observed in the central part of the Idaho batholith (Criss and Fleck, 1987) Ar ages of plutonic rocks centered approximately on the South Fork of the Clearwater River (SFCR), Idaho (Fig 1) . Distance is given in kilometers with negative distances shown to the west of the WISZ. Symbols are as in Fig. 10 .
SLATE CREEK
The Ar age profile for the Slate Creek area (Fig. 15) suffers from the absence of plutonic rocks to establish ages within the WSD terranes. Lund and Snee (1988) and Snee and others (1995) report apparent ages of about 109 Ma for hornblende from metamorphosed supracrustal rocks of the Riggins Group 12 to 15 km west of the suture, decreasing to 95 to 90 Ma near the zone. These data have not been included in the profile, which has been restricted to plutonic rocks. A small, highly deformed pluton 2 km west of the suture yields reversely discordant biotite and hornblende ages at about 80 Ma, however, significantly less than reported for the supracrustal metamorphic rocks. Without better control of depth relationships between these samples, we cannot compare their ages in the same profile. We can conclude that the rocks in and near the WISZ in this area reached closure temperatures and were not significantly affected by deformation after about 84 to 80 Ma. Suturing clearly occurred well before that time and deep-seated, mildly deformed, epidote-bearing tonalite was emplaced 2 km east of the suture at about 84 Ma (Lund and Snee, 1988) . This unit also yields a biotite age of 82 Ma (Criss and Fleck,1987) , documenting the rapid cooling of the body. These ages support a model of rapid vertical uplift such as discussed by Lund and Snee (1988) (Fig 1) , where it crosses the WISZ at nearly a right angle. Distance is given in kilometers with negative distances shown to the west of the WISZ. Symbols are as in Fig. 10 .
SALMON RIVER
As in the Slate Creek profile, no early plutons of the WSD terranes were revealed by Ar geochronology of rocks along the Salmon River. Results of K-Ar and 40 Ar/ 39 Ar studies along the Salmon River east of Riggins, Idaho reveal sub-parallel biotite and hornblende age/distance variations within the Precambrian terrane and extending westward into the WSD terranes ( 
Riggins -Salmon River
Distance from WISZ (km) Age (Ma) Figure 16 . West-east profile centered approximately on the Salmon River at Riggins, Idaho (Fig 1) . Distance is given in kilometers with negative distances shown to the west of the WISZ. Symbols are as in Fig. 10 .
suggests up-on-the-east tilting, although this could occur as small sequential vertical uplifts as suggested by Lund and Snee (1988, Fig. 11 ). Suture zone plutons, generally strongly foliated and planar bodies, were probably emplaced prior to about 85 Ma, based on hornblende from deformed tonalites within the suture zone, but disturbed 40 Ar/
39
Ar incremental-heating spectra indicate modest amounts of excess Ar may be present in some of these minerals. Accepting an age of 85 Ma for the deformed plutons cooling below about 500°C, major deformation probably ceased between 80 and 85 Ma.
GRANITE MOUNTAIN
Presence of older plutons in the Granite Mountain area, located about 25 km northwest of Mc Call, Idaho, defines a typical pattern of argon loss. Studied by others (1992, 1993) , the Hazard Creek complex represents early post-suturing emplacement of magmas along the WISZ. Manduca and others (1993) report a U-Pb zircon age of 118 Ma for this unit, which yields Ar ages of about 100 Ma on hornblende, but only 82 to 88 Ma on coexisting biotite. The age profile (Fig. 17) has the characteristic sigmoidal pattern expected from Ar loss from phases with different closure temperatures ( Fig. 13 ; Hart, 1964) . The steep decrease in the hornblende ages occurs between 1 and 2 km west of the suture, whereas that for biotite is not well defined, but must occur more than 8 km west of the zone. This defines an approximately 18 to 20 Ma discordance immediately west of the suture zone. Fig 1) . Distance is given in kilometers with negative distances shown to the west of the WISZ. Symbols are as in Fig. 10 .
Ages east of the suture zone continue to decline, not unlike that expected from tilting or closelyspaced block uplift. However, concordant or nearly concordant mineral-pairs raise the possibility of eastward migrating intrusion, with progressively younger plutons emplaced within and east of the suture zone. A U-Pb age of about 90 Ma is reported by Manduca and others (1993) for these rocks, indicating a discordance of about 10 Ma with hornblende. A discordance of this magnitude compared to the near concordance for Ar ages favors a progressive uplift over any model of migrating multiple intrusion. Apparent ages within the suture zone are consistent with cessation of deformation in the 85 to 80 Ma period similar to results to the north along the Salmon River.
CASCADE
The age profile across the WISZ in the area of Cascade, Idaho is the southernmost for which sufficient data are available (Fig. 18) . Results of Armstrong (1975) and Tables 3 and 4 reflect significant argon loss from biotite 6 km west of the suture. Hornblende ages may also be affected, but no other age control is available. Compared to the 118 Ma U-Pb zircon age reported by Manduca and others (1993) for the Hazard Creek complex, however, the 120 Ma KAr age for hornblende is quite consistent. Fig 1) . Distance is given in kilometers with negative distances shown to the west of the WISZ. Symbols are as in Fig. 10 .
Plutons east of the WISZ also have discordant biotite and hornblende ages, but in contrast to the pattern observed near Orofino, the discordance continues across the zone, approaching zero about 13 km to the east. This pattern suggests that 92 Ma old plutons similar to the Payette River tonalite of others (1992, 1993 ) occupy the suture zone, which shows little effect on hornblende K-Ar ages. Results are more consistent with thermal disturbance of the argon systems by younger plutons of the Idaho batholith to the east and may be unrelated to movement on the WISZ. The hornblende ages suggest that deformation along the WISZ probably has not been significant after about 92 Ma. Considering primary movement on the WISZ to have been complete by 92 Ma, biotite ages in this area must relate to the pattern of regional cooling following emplacement of the western margin of the Atlanta lobe of the Idaho batholith. This same, smooth pattern is reflected by biotite along the western edges of the Bitterroot lobe (Criss and Fleck, 1987) and the Sierra Nevada batholith (Evernden and Kistler, 1970) , whereas hornblende values define a series of plutonic episodes in each of these areas. Although additional hornblende ages within the actual suture zone near Cascade could clarify the timing of deformation, a minimum age of about 92 Ma is indicated for hornblende recrystallization and/or cooling in this area.
DISCUSSION AND CONCLUSIONS
Chemical and isotopic results from plutons emplaced into the Wallowa, Seven Devils, and related terranes, the Belt, Yellowjacket, and related Proterozoic (cratonal) terranes, and the western Idaho suture zone that forms the boundary between them confirm its significance as a major crustal-scale feature, marking the Mesozoic continental margin of North America. As demonstrated by Fleck and Criss (1985) and Fleck (1990) , plutons emplaced into and deformed by the suture zone, represent mixtures of components derived from sources in both the accreted and cratonal lithospheres. Location with respect to the WISZ strongly controls magma chemistry and isotopic composition, in effect proportioning the broad range of lithospheric mantle, lower crust, and upper crustal components incorporated into the melt from each of the two lithospheres. These characteristics may be used in turn to locate the accretionary boundary, even where it has been engulfed completely by younger plutons. Suture-zone magmas are chemically unique, characterized by high Sr, Nb, Nb/Y, and Nd/Y, low Rb/Nb ratios, and Sr and Nd isotopic compositions near "bulk earth" values. The latter translate into initial 87 Sr/ 86 Sr ratios averaging about 0.7045 and E Nd (t) values between about -5 and 2 for the lithospheres involved in western Idaho.
Although argon geochronology restricted the timing of accretion of the WSD terranes to North America to the 135 to 75 Ma interval in Idaho (Fleck and Criss, 1985; Criss and Fleck, 1987) , detailed understanding of the timing of suturing requires use of techniques such as U-Pb zircon studies to establish events such as emplacement age. Further progress will require careful geologic mapping of the suture zone and additional U-Pb, Sm-Nd, or Rb-Sr geochronology. Manduca and others (1993) and Lund and Snee (1988) are the only recent studies providing UPb zircon ages that provide critical emplacement ages of units within and adjacent to the suture zone, but these represent only a few plutons. Sm-Nd ages on garnet reported by Getty and others (1993) Ar apparent ages are affected by plutonic and tectonic events, however, these ages may provide useful information through patterns of age discordance revealed. Minerals with different "closure temperatures" (Dodson, 1973 (Dodson, , 1979 , yield different apparent ages when subjected to prolonged cooling or subsequent thermal events. Strain and recrystallization may disturb or "reset" argon geochronometers independent of closure temperatures, yielding concordant or nearly concordant ages that approach the time of disturbance, not the age of the rock. Generally accepted closure temperatures for biotite and hornblende at geologically average cooling rates are 280°±40°C (Harrison and McDougall, 1980) and 530°±40°C (Harrison, 1981) , respectively. In the current study age profiles across the suture zone have demonstrated that the suture remained the locus of continued thermal and tectonic activity long after initial accretion. Because largely undisturbed plutons, which were emplaced in the accreted terranes prior to suturing, extend to within 5 to 10 km of the suture zone, their ages represent a maximum age for accretion. This places a limiting age for accretion at about 135 Ma.
Patterns of biotite and hornblende ages from rocks of the accreted terranes (WSD) exhibit the greatest discordance at distances of 2 to 10 km west of the suture zone (Figs. 9, 10, 12, 17, and 18) . Near Orofino, hornblende ages decrease abruptly from about 135 Ma and reach a minimum of about 74 Ma within the WISZ. Discordance between hornblende and biotite ages along the WISZ is variable, probably due to a combination of differing uplift rates, thermal effects from younger plutons, and deformation. The highly strained rocks of the suture zone yield the least discordant mineral pairs, but discordance remains at about 2 to 8 m.y. east of the zone. This is consistent with immediate retention of Ar by hornblende following recrystallization at temperatures below its closure temperature, but with more prolonged cooling for biotite closure. Hornblende ages within the WISZ probably establish a reliable age for cessation of deformation, especially of rapid vertical translation within the zone (Fig. 10) .
Hornblende ages within the zone from Orofino to Kooskia indicate a minimum age for closure of about 74 Ma (Figs. 10-12 ). At the SFCR profile (Fig. 14) biotite and muscovite yield nearly concordant K-Ar and 40 Ar/ 39 Ar ages at about 76 Ma, whereas hornblende ages average about 82 Ma. Results for rocks at Slate Creek yield a similar age for hornblende closure (Fig. 15) , although older ages obtained from hornblende in plutonic inclusions have been used by Lund and Snee (1988) and Snee and others (1995) to establish an age of about 90 Ma. Uncertainties about complete loss of Ar inherited from their parent rock suggest that these represent maximum ages for recrystallization within the WISZ, however. Hornblende ages from deformed tonalite within the WISZ along the Salmon River indicate deformation continued there until about 85 Ma (Fig.  16 ). Manduca and others (1993) report a zircon U-Pb age of about 90 Ma for a sample of tonalite roughly 12 km east of the WISZ in the Granite Mountain area. Although a 90-Ma age may reflect cessation of deformation, this tonalite is well outside the zone of highest strain. Evidence from hornblende within the deformed rocks suggests deformation may have continued until 85-82 Ma in this area (cf. Fig. 17) . None of the samples around Cascade occurs within the WISZ, but tonalite less than 4 km east of the suture yields a hornblende K-Ar age of 92 Ma, consistent with cooling of that body below about 530°C and with a maximum age for completion of deformation of the pluton. A biotite age for this sample is highly discordant (Fig. 18) , consistent with thermal effects from younger intrusions east of that location.
Ages for hornblende from deformed rocks within the western Idaho suture zone appear to decrease from south to north, ranging from as early as 92 Ma in the area of Cascade to 74 Ma or less at Orofino and the Weippe Bend (Fig. 19) . We suggest that these ages represent the approximate end of deformation within a given section of the WISZ and the time when recrystallization ceased and temperatures were below about 530°C. The suture zone was clearly the site of greatest differential movement within the area deformed during collision. This is documented by being the locus of flaser gneisses, syntectonic plutons, and magmatic epidoteand garnet-bearing tonalites and trondhjemites (e.g., Zen and Hammarstrom, 1984; Strayer and others, 1989; Selverstone and others, 1992) , as well as by isotopic evidence that it coincides with the terrane boundary. The progression of hornblende ages along the suture suggests that this deformation did not occur simultaneously along the length of the WISZ, but migrated from south to north. We suggest that the differences observed in apparent ages of suture-zone rocks from Cascade to near Weippe and Orofino (Fig. 19) are related to the timing of rapid uplift of cratonal terranes and emplacement of younger plutons subsequent to accretion. Whether it is the cause or the effect, the ages of the Idaho batholith decrease from the Atlanta lobe in the south to the Bitterroot lobe in the north, similar to ages of suture zone hornblendes. Magmatism in the southern (Atlanta) lobe ranges from 120 to about 70 Ma, whereas most of the northern (Bitterroot) lobe was emplaced from about 80 to 55 Ma (Armstrong and others, 1977; Criss and others, 1982; Criss and Fleck, 1987; Lewis and others, 1987; Snee and others, 1995 Figure 19 . Summary of Ar closure ages for hornblende, calculated as the average age of hornblende at the WISZ for each of the profiles shown in Figs. 10-18. Generally, this is the average of available hornblende ages for samples within 2 km of the suture zone. Geologic variability is difficult to determine for small numbers of samples, although analytical precision for each age is commonly between 1 and 2 m.y. at one standard deviation (Table 3 ). These data indicate that the time of cooling or recrystallization of hornblende in the suture zone varied along the zone, favoring a progression of precipitous vertical movements over synchronous lateral displacement along the WISZ. The regression line shown is for reference only and not intended as an estimate of the timing at any given latitude. Practically, there are 3 or, perhaps 4 groups of closure ages along the suture zone, but age difference between the northern and southern groups is easily significant at any reasonable level of confidence.
bring magmatic-epidote-bearing tonalites to their present positions and this rapid rise of cratonal terranes was related to emplacement of batholithic-scale silicic magmas, much of the deformation along the WISZ may be a consequence of the south to north migration of Idaho batholith emplacement. The decrease in apparent ages of hornblende within the WISZ from over 90 Ma in the south to less than 75 Ma near Weippe and Orofino supports this model. If deformation were not synchronous along the WISZ but progressed from south to north analogous to batholith emplacement, then models of synchronous, transcurrent shearing along the WISZ may be precluded. Additionally, the coincidence of the WISZ and the terrane boundary may be the result of reactivation of the initial suture zone as emplacement of batholithic-scale silicic magmas within the zone and the western margin of the cratonal terranes resulted in their precipitous rise. Recalculated total (Ma)-99.3 Plateau age (Ma)---------100.7 ± 0.5
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